Introduction
============

The landscape of routine child immunization in India is changing rapidly.[@R1]^--^[@R3] The national government declared 2012--2013 to be a period of intensification in child immunization, with a focus on remote and often inaccessible rural areas, urban slums and migrant and mobile communities.[@R4] Subsequently, in December 2014, India's Ministry of Health and Family Welfare launched Mission Indradhanush. The aims of this initiative were to vaccinate at least 90% of pregnant women against tetanus and ensure that all children are fully vaccinated against seven vaccine-preventable diseases before they reach an age of two years.[@R5]^,^[@R6] General improvements in the delivery of routine immunization services were also critical in the successful efforts to interrupt polio transmission in India and remain a key component in attempts to eliminate measles from the country by 2020.[@R7]

The monitoring of trends in vaccine coverage is complicated by the multiple sources of relevant data and the varied quality of those sources. Although there are data available on administrative coverage -- i.e. data on the immunization services delivered by health providers -- potentially useful information on vaccination coverage is also collected in coverage evaluation surveys, process and community monitoring, surveillance on vaccine-preventable diseases, integrated disease surveillance and the management of the cold chains used in the storage and transport of vaccines.

In India, as elsewhere, the accuracy of estimates of administrative coverage depends on the accurate recording of the numbers of administered doses, accurate information on the size of the target population, regular and robust reporting by the health workers who administer the vaccines and the prompt and accurate transfer of the relevant data through all of the levels between the health subcentres and the national government. The numerators and/or denominators needed to calculate percentage coverage values are often only available as rough estimates.

As nationally representative surveys of vaccination coverage are expensive and time-consuming, they tend to be infrequent and poor at providing rapid information on the trends in a system's or programme's performance. In India, the last survey of this type was conducted in 2008. Since then, administrative coverage data have served as the primary vehicle for the annual monitoring of vaccination coverage and programme performance at national level. To provide timely feedback, house-to-house rapid monitoring and modified session monitoring have also been implemented -- mainly in support of polio-related efforts to strengthen community-based routine immunization. The value of data collected by rapid monitoring is, however, often reduced by selection bias -- e.g. as a result of the monitoring being confined to communities that are considered to be at relatively high risk of vaccine-preventable disease -- and the challenges posed by determining the size of the target population accurately.

In an attempt to improve our knowledge of recent trends in child vaccination coverage in India, we recently collected relevant data from multiple information sources and used them to derive estimates of the annual levels of such coverage, at both state and national level, for the years 1999--2013.

Methods
=======

As part of a workshop held on 30 April--1 May 2015, with state representatives, we -- i.e. the members of a review team that included staff from India's national immunization programme and their counterparts from the India-based offices of the World Health Organization (WHO) and United Nations Children's Fund (UNICEF) and WHO's Regional Office for South-East Asia -- reviewed data obtained after 1998 on child vaccination coverage. We investigated data -- on bacille Calmette--Guérin vaccine, the first and third doses of diphtheria-tetanus-pertussis (DTP1 and DTP3) vaccine, the third dose of oral polio vaccine and the first dose of vaccine against measles -- from state-specific administrative reports, coverage surveys ([Table 1](#T1){ref-type="table"}) and rapid monitoring. We confined our investigation to data from the 17 states that together accounted for over 95% (24.45 million/25.59 million) of the 2013--2014 birth cohort: Andhra Pradesh, Assam, Bihar, Chhattisgarh, Gujarat, Haryana, Jharkhand, Karnataka, Kerala, Madhya Pradesh, Maharashtra, Odisha, Punjab, Rajasthan, Tamil Nadu, Uttar Pradesh and West Bengal.

###### Survey-based assessments of vaccine coverage, 17 states, India, 2002--2013

  Characteristic          Survey^a^                                                                                          
  ----------------------- ------------ ------ ------------ ------ ------------ ------ ------------ ------------ ------------ ------------
  **Survey year**         2002--2004   2005   2005--2006   2006   2007--2008   2009   2010--2011   2011--2012   2012--2013   2012--2013
  **Birth cohort**        2002         2004   2005         2005   2007         2008   2009         2010         2011         2012
  **States covered**^b^                                                                                                      
  Andhra Pradesh          \+           \+     \+           \+     \+           \+     --           --           --           \+
  Assam                   \+           \+     \+           \+     \+           \+     \+           \+           \+           --
  Bihar                   \+           \+     \+           \+     \+           \+     \+           \+           \+           --
  Chhattisgarh            \+           \+     \+           \+     \+           \+     \+           \+           \+           --
  Gujarat                 \+           \+     \+           \+     \+           \+     --           --           --           --
  Haryana                 \+           \+     \+           \+     \+           \+     --           --           --           \+
  Jharkhand               \+           \+     \+           \+     \+           \+     \+           \+           \+           --
  Karnataka               \+           \+     \+           \+     \+           \+     --           --           --           \+
  Kerala                  \+           \+     \+           \+     \+           \+     --           --           --           \+
  Madhya Pradesh          \+           \+     \+           \+     \+           \+     \+           \+           \+           
  Maharashtra             \+           \+     \+           \+     \+           \+     --           --           --           \+
  Odisha                  \+           \+     \+           \+     \+           \+     \+           \+           \+           --
  Punjab                  \+           \+     \+           \+     \+           \+     --           --           --           \+
  Rajasthan               \+           \+     \+           \+     \+           \+     \+           \+           \+           --
  Tamil Nadu              \+           \+     \+           \+     \+           \+     --           --           --           \+
  Uttar Pradesh           \+           \+     \+           \+     \+           \+     \+           \+           \+           
  West Bengal             \+           --     \+           \+     \+           \+     --           --           --           \+

AHS: Annual Health Survey; CES: Coverage Evaluation Survey; DLHS: District Level Health Survey; NFHS: National Family Health Survey.

^a^ States covered and not covered by a survey are indicated + and -- respectively.

^b^ Only the 17 states with the largest birth cohorts for 2013--2014 are shown. Other states and territories were covered by the surveys.

In India, data on administrative coverage are reported for each fiscal year, with each such year running from 1 April in one year to 31 March of the following year. We investigated such data for the period beginning either 1 April 1999 -- for 16 of the study states -- or 1 April 2001 -- for Jharkhand, which was only created in 2000 -- and ending 31 March 2014. We used these data and the other relevant data that were available to estimate coverage for each of the corresponding 12-month birth cohorts. To save space, we used the year in which a 12-month birth cohort began to name that cohort -- e.g. the birth cohort that began on 1 April 2014 and ended on 31 March 2015 was known as the 2014 birth cohort. To be included in estimations, state-specific survey results had to have been collected in population-based sampling and appear representative at state level.

We investigated vaccination histories recorded, for individual children, on vaccination cards and other home-based records -- e.g. the frequency of drop-out between DTP1 and DTP3. When possible, for children aged 12--23 months at the time of survey, we also compared the vaccination history detailed on home-based records with that recalled by the relevant caregivers.

Data were organized, by state, vaccine and year, in an Excel (Microsoft, Redmond, United States of America) database. Temporal trends in coverage in each year and state were displayed graphically, with a different symbol used for each type of information source. The relevant state representatives attending the workshop were asked to clarify and explain the trends and any apparent discrepancies observed in each state.

For the data review and estimation process, we followed the domain-specific and logical inference rules previously used by WHO and UNICEF to estimate coverage levels in 195 countries.[@R8]^,^[@R9] For example, if there were no other relevant data available -- or, at least, no other data that indicated a coverage value that differed by more than 10 percentage points from the reported administrative coverage -- we took a reported administrative coverage as our estimate of the actual coverage. We also adopted the principles that reported state-level coverage could not exceed 100% and that any observations of large year-to-year decreases or increases in coverage are unlikely to be accurate unless there is some reasonable explanation -- e.g. a vaccine stock-out or a strike by health workers. If no such explanation was apparent, we assumed that any data suggesting a year-to-year change in coverage of more than 10% were inaccurate and ignored them.

When, for a given year, state and vaccine coverage data were available from at least two different sources -- e.g. from a report of administrative coverage and a survey of coverage -- the resultant estimate of coverage was considered to be relatively accurate and categorized as a so-called anchor point. For most of the study states, the first anchor point was established in 2002 -- coinciding with India's second District Level Health Survey. If the data from a survey did not support the corresponding reported administrative coverage -- i.e. if it did not indicate a coverage that was within 10 percentage points of the reported administrative coverage -- we based our estimate on the survey data.

If missing or ignored data meant that coverage for a state and vaccine could not be estimated directly for a particular year, the coverage for that year was estimated, from the values for the closest anchor points before and after the year, by interpolation. If there were no anchor points after the year, nearest-neighbour extrapolation was used to estimate coverage.

After producing a time series for each state--vaccine combination, we compared estimates across vaccines to ensure internal consistency and tried to resolve any apparent anomalies -- e.g. substantial differences in the coverage for DTP3 and the third dose of oral polio vaccine. Whenever data from two or more information sources appeared to conflict, we tried to identify the most accurate source by consideration of the possible biases. We always documented the decisions underlying each estimate.

We aggregated state-level estimates to give national values -- assuming that coverage in each of the 18 states and territories not included in our data review was 100%. Using estimated annual birth data from the Central Statistics Office, we computed state-specific weights for each study year by dividing the annual estimated number of births in each state by the corresponding estimated total number of births in India. The weighted national mean coverage for each vaccine and year was then computed by multiplying each state-level coverage by a state-specific population weight and then summing across the 35 states and territories.

In a sensitivity analysis, we assumed that, for each vaccine--year combination, the coverage in each of the 18 unreviewed states was either the mean value for the 17 reviewed states or the lowest coverage value recorded for any of those 17 states.

Results
=======

The full data on every state-level estimate for each study year and vaccine are available from the corresponding author. As an exemplar of our results, [Fig. 1](#F1){ref-type="fig"} shows the empirical data and our coverage estimates for one type of vaccination -- DTP3 -- in one of the study states -- Chhattisgarh. For this vaccine--state combination and the 2005 birth cohort, three sources of information were available: (i) the reported administrative coverage -- which we ignored because it was an implausible 120%; (ii) the results of the 2005--2006 National Family Health Survey -- which we ignored, for all states, because of concerns over the collection of vaccination histories; and (iii) the results of a 2006 coverage evaluation survey, on which we based our estimate of coverage.

![Estimates of the coverage for routine child immunization with the third dose of vaccine against diphtheria, tetanus and pertussis in the state of Chhattisgarh, India, 1999--2013](BLT.15.167593-F1){#F1}

Our estimates of coverage were often only based on survey results, which frequently challenged the corresponding reported administrative coverages. For example, of the 253 estimates made of coverage for DTP3, 139 (55%) were based solely on survey results, 25 (10%) on reported administrative data and the remaining 89 (35%) on interpolation between -- or extrapolation from -- anchor points. Similar patterns were observed for the other vaccinations we investigated.

Where available, the results of nationally representative surveys were found to be generally supportive of our estimates of national coverages, which we derived from the state-level values ([Fig. 2](#F2){ref-type="fig"}). Across vaccines, our estimates of national coverages tended to be lower than the corresponding reported administrative coverages ([Fig. 2](#F2){ref-type="fig"}).

![Estimates of national coverage with five routine child vaccinations, India, 1999--2013](BLT.15.167593-F2){#F2}

Between 1999 and 2013, estimated national coverages tended to gradually increase: from 74% to 91% for bacille Calmette--Guérin vaccine; from 74% to 90% and from 59% to 83% for DTP1 and DTP3, respectively; from 57% to 82% for the third dose of oral polio vaccine; and from 56% to 83% for the first dose of vaccine against measles. Most of these increases had occurred by 2010 and coverages seem to have plateaued between 2010 and 2013. Over the same period, there appeared to be substantial reductions in drop-out between DTP1 and DTP3.

In the sensitivity analysis, the assumption that coverage in the 18 unreviewed states and territories was not 100% but similar to that in the reviewed states changed our estimates of national coverages by less than two percentage points. Even when we assumed that coverage in each of the unreviewed states was only 62% -- i.e. the lowest coverage estimated for any the reviewed states -- the impact on the national estimates of coverage was 1.7%.

Previous estimates of national child vaccination coverage for India, over our study period, were largely based on reported administrative coverages ([Fig. 3](#F3){ref-type="fig"}). These earlier estimates indicated large, rapid and implausible swings in coverage with DTP3 and surprisingly good levels of coverage given the programmatic activity and investment. In contrast, our estimates of national coverages indicate a consistent pattern of slow, steady and more plausible improvements in coverage ([Fig. 3](#F3){ref-type="fig"}).

![Estimates of national coverage for routine child immunization with the third dose of vaccine against diphtheria, tetanus and pertussis, India, 1999--2013](BLT.15.167593-F3){#F3}

Discussion
==========

The results reported here reflect efforts by the Government of India to review the available data on state-level vaccination coverage systematically and produce better state-level and national estimates of coverage. They also reflect a growing awareness of the challenges of estimating actual vaccination coverages from reported administrative coverages of varying -- and often unknown -- quality. In July 2015, the Government of India used our results when it reported the performance of its national immunization system to WHO and UNICEF.[@R10] We plan to continue our estimations at national level and extend the exercise to facilitate the estimation of district-level coverages within individual states.

Even after some correctable deficiencies in the coverage monitoring system were identified, improvements in the routine immunization of infants and children in India were held back by poor data on coverage. The desire to eliminate polio has driven some useful changes in India, including the use of microplanning, the development of the Reaching Every District strategy[@R11] and the use of neonatal registration and tracking -- primarily intended for activities against polio -- to establish accurate child listings at local level. A revised strategy for the monitoring of routine immunizations was launched in July 2009. A transition in the reporting of administrative coverage, from a paper-based system to an electronic one, forms part of the development of a nationwide system of electronic data management that already includes the Health Management Information System and the Mother and Child Tracking System.[@R12]

While we recognize the critical importance of improving the quality of information on vaccination coverage from administrative reporting systems, we are also cognizant of the expected continued need for state-level surveys and improved rapid-monitoring exercises. Although the method of our data review may have fallen short of optimal, we found both the review and subsequent estimation exercise to be useful. The approach we followed allowed the evaluation and synthesis of multiple sources of coverage data, permitted some judgment of data quality and promoted a commitment to improved documentation.

[Fig. 1](#F1){ref-type="fig"} illustrates the considerable differences we observed between the reported administrative coverages and our corresponding estimates of actual coverage. Differences between information sources tended to grow smaller as time progressed -- presumably as the newly introduced electronic reporting systems and initiatives to improve data quality began to mature.

Our approach to the estimation of coverages included the use of existing data, the assessment of all available state--vaccine--year combinations, the inclusion of diverse data sources, the application of a set of logical inference rules to the data review, use of input from stakeholders and the flexibility to override the inference rules -- with justification and documentation of the decisions taken. This approach is only as good as the available data. Missing data and data of poor quality restrict attempts to produce accurate estimates. Our estimates of coverage remain subject to error and may well be inaccurate even when they appear to be well supported by data from multiple sources.[@R13]

The annual collection of data for the estimation of national vaccination coverages may well be critical to evaluating progress in the elimination of vaccine-preventable diseases. In India, although ever more children receive the benefits of vaccination, many children remain unvaccinated. Our estimates indicate that 80--85% of the Indian 2013 birth cohort received DTP3, third doses of oral polio vaccine and first doses of vaccine against measles. Although these results indicate that there have been substantial increases in coverage since 1999, much work will still be needed to reach Mission Indradhanush's coverage goals. The government continues to address the challenges of documenting who is being missed by routine immunization services -- and the reasons why they are being missed -- through the design and implementation of innovative and targeted approaches to reach all children. At the same time, efforts are being implemented to ensure that appropriate commitment and investment are being made and that coordinated and coherent action is being taken to improve India's programmes of routine immunization.
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